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Introduction
Agriculture in the United States supplies much of the world's human food, animal feed, fuel, and fiber needs. Over time, agriculture has expanded in area, intensified in production, and changed the national landscape. Agricultural activities affect the quality of water, air, and soil, and the overall health of natural ecosystems. Many water-quality effects-algal blooms, toxicity to aquatic organisms, eutrophication, turbidity, changes in stream habitat, degradation of recreational waters, decreased quality of fisheries, contamination of drinking water supplies, and hypoxia in coastal areas-originate with the movement of water, agricultural chemicals, and eroded soil from agricultural areas into streams and groundwater. Adverse water-quality effects often result from an excess of a chemical, or sediment, in a water resource when compared with its natural background concentration.
The movement of water is the primary mechanism by which agricultural chemicals and eroded soil move from agricultural areas to nonagricultural areas. Water from individual fields aggregates to form streams and, eventually, major rivers. Streams integrate all water flowpaths across and through a landscape. Agricultural chemicals can move into and through every component of the hydrologic system. The movement of chemicals and eroded soil from agricultural areas can be minimized by management decisions that are based on an understanding of the connections between the movement of water and various agricultural activities. This practice is especially effective for critical source areasareas within a field or catchment vulnerable to the loss of agricultural chemicals and sediment (Gburek and Sharpley, 1998; Sharpley and others, 2003; Kleinman and others, 2011) .
Agricultural activities comprise all farming procedures leading to the production of crops or animals. These activities include growing and harvesting crops and animals, landscape modifications, applying chemicals, and waste disposal.
Agricultural activities fulfill crop or animal requirements and could protect soil or water resources. Some of these activities are called agricultural management practices and are used to protect soil and water resources (U.S. Department of Agriculture, Natural Resources Conservation Service, 2014a). Many soil-and water-protection practices are designed to reduce, slow, and(or) redirect runoff and increase infiltration (as with terraces, grassed waterways, and buffers). Some are designed to be long-term features of the landscape (as with terraces, buffers, drainage, and irrigation), and some are designed to be implemented annually (as with crops, tillage, and chemical use).
At times, agricultural activities-both those designed to improve crop productivity and those designed to protect water and soil resources-can unintentionally degrade water quality. For example, the installation of subsurface drainage greatly improves a producer's access to fields during critical planting periods in the spring, but can also short-circuit soil denitrification and move nitrogen and herbicides directly into streams (Blann and others, 2009 ). Another example is conservation tillage. No-till practices have effectively improved soil structure and reduced sediment runoff, but they also can increase the movement of nutrients and pesticides into streams (Devlin and Barnes, 2009; Verbree and others, 2010; Margulies, 2012) .
Agricultural activities often affect local water flowpaths, which in turn control the extent of chemicals and eroded soil losses from the field (Capel and others, in press ). However, the resulting change in water flowpaths is not always considered during the choice and implementation of agricultural activities designed to prevent the loss of a specific chemical. With some agricultural activities, preventing or reducing the loss of one chemical or sediment may enhance the loss of another. This outcome can lead to situations where expectations are not met, and water, chemicals, and sediment move in unexpected ways.
Purpose and Scope
This report presents a conceptual framework for establishing attainable expectations for the protection and improvement of water quality that can result from a change in agricultural management practices. The framework integrates water movement, the environmental behavior of agricultural chemicals and sediment, and the designed functions of various agricultural activities. Assumptions related to the expected (1) water flowpaths, (2) behavior and transport of chemicals and sediment, and (3) effects of a specific agricultural activity on corresponding flow and transport processes are the basis for this framework. Two types of decision trees were designed using this framework. These decision trees can serve as guides for establishing informed expectations about the outcomes of changes in agricultural activities and how these changes can protect or improve water quality in streams.
The first aspect of this framework organizes decisions based on hydrologic setting and chemical behaviors, largely at the field scale. The second aspect of this framework organizes decisions based on chemical fate as a means for establishing attainable expectations about the permanent removal of sediment, elements (such as nitrogen, phosphorus, and carbon), and organic chemicals (such as herbicides and insecticides) from runoff through trapping or conservation tillage practices. For both aspects, an understanding of the hydrologic setting and the behavior of the chemicals of interest can suggest which agricultural activities are most effective for protecting and improving water quality and which activities might be counterproductive. Overall, this framework consolidates diverse hydrologic settings, chemicals, and agricultural activities into a single, broad context to determine attainable expectations for current agricultural activities and enable better decision making for the future.
Hydrologic Flowpaths from a Field
The water input to a field, through rainfall and irrigation, is lost by evapotranspiration, infiltration, and runoff (as overland and shallow subsurface flow). Water lost through evapotranspiration often accounts for the majority of the input water, but the water that becomes runoff or infiltration, is the most important from a water-quality perspective. The amount and intensity of rainfall, combined with landscape characteristics such as slope, soil type, vegetation, and underlying aquifer type determine the partitioning between runoff and infiltration, as well as the rate water moves along these flowpaths.
Runoff flowpaths are primarily fast (fastflow) and are sometimes high energy. In contrast, infiltration and groundwater recharge flowpaths are often much slower (slowflow). Engineered subsurface (tile) drainage is another flowpath from a field and is termed drainflow ( fig. 1 ). Subsurface drains are designed to move excess water out of the soil root zone and provide storage capacity for subsequent storms. After a rain event, subsurface drainage creates fast flowpaths to the stream, via percolation and lateral movement, for areas near the drains. However, in areas of the field far from the subsurface drains, flowpaths are slower because the distances across which lateral movement occurs are greater.
The extent and duration of water contact with the soil differ among these three flowpaths (table 1) . Fastflow contacts only the surface or upper layers of the soil for short periods of time (hours to days). Slowflow, via infiltration and movement through an aquifer that eventually discharges into a stream or coastal area, directly contacts the soil or aquifer particles for long periods (months to decades or more). There are other slow flowpaths, such as those through wetlands, which involve varying degrees of contact with the soil. In the case of drainflow, the water contacts only the soil root zone and the upper layers of the soil-commonly 1 meter in the Eastern and Midwest United States-before it reaches the drain. 
Quantifying Flowpath Contributions to a Stream
Water in a stream is a mixture of water from various sources flowing through the landscape. The flowpaths that move water from the landscape are the same that deliver it to the stream. Fastflow has short-duration flowpaths (for example, runoff or direct rainfall on a stream) from the landscape and results from precipitation or snowmelt. Slowflow has long-duration flowpaths that lead to a relatively steady discharge of water into a stream (for example, groundwater discharge and wetland release). The mixture of slowflow and fastflow contributions to streams are quantified by hydrograph separation methods based on analysis of the stream hydrograph (Wahl and Wahl, 1995; Sloto and Crouse, 1996; Eckhardt, 2005) . Using these separation methods, the sources of water for a stream are described as ranging from an end-member of 100 percent slowflow to another end-member of 100 percent fastflow. Flow in all streams is located along this continuum (fig 2A) . Figure 2 . Continua of water flowpaths from landscape to stream combined with the sorption continuum from 100 percent waterassociated to 100 percent sediment-associated.
A. For watersheds without subsurface drainage, the water flowpaths fall on the linear continuum defined by slowflow (SF) and fastflow (FF) end-members.
B. For watersheds with subsurface drainage, the water flowpaths are described by a triangular space defined by the three end-members: slowflow, fastflow, and drainflow (DF).
C. In combining chemical sorptivity and water flowpaths, any chemical or sediment in any stream with only slowflow and fastflow is contained within the space described by a rectangle.
D.
Any chemical or sediment in any stream with slowflow, fastflow, and drainflow is contained within the space described by a triangular prism. Drainflow (via engineered subsurface drainage) has slowflow and fastflow components. Water moves vertically to drains on the timescale of hours to days and laterally on the timescale of hours to months. Kronholm and Capel (2014) demonstrated that hydrograph separation methods, specifically the method of Wahl and Wahl (1995) , can be used to describe slowflow and fastflow moving to a stream dominated by drainflow. The slowflow component describes water moving through the subsurface in areas far from the actual drains.
When subsurface drainage is present, the conceptual model of the continuum of two water sources to a stream must be expanded to include an additional end-member for landscapes with subsurface drainage (fig. 2B ). All streams can be located within a conceptual triangle described by the three end-member sources of slowflow, fastflow, and drainflow. This explanation is a simplification for many streams but is a useful tool for assessing the contributions of various sources of water to a stream.
Streams in small watersheds are categorized by their characteristic flowpaths. Figure 3 shows rivers and streams in agricultural areas across the United States that are expected to have slowflow, fastflow, and drainflow as their characteristic flowpaths (corresponding to areas near the apices of the triangle in figure 2B ), and areas with a mixture of flowpaths (areas away from the apices of the triangle in figure 2B ). The conceptual map in figure 3 is based on an analysis of watershed properties, the likely locations of subsurface drainage, and an analysis of streamflow at gaged streams (see appendix 1 for more details). Although this map is conceptual and based on limited information, it provides a basis for understanding which flowpaths are likely to be important in various areas of the Nation. Caution should be used with such a map because all flowpaths are affected by local conditions, which are unavailable on national-scale maps. Even the flowpaths leaving adjacent fields could be quite different due to variabilities in topography, soils, land management, and the presence of subsurface drainage. figure 2B ). This map is conceptual and based on limited information. Caution should be used with such a map because all flowpaths are affected by local conditions unavailable on national-scale maps. See appendix 1 for details on the assumptions and data for this map. (Capel, 2017) . Precipitation data for Kenton, Delaware (near Chesterville Branch), Overland Park, Kansas (near Indian Creek), and Greenfield, Indiana (near Leary-Weber Ditch) are from Delaware Environmental Observing System (2015), City of Overland Park (2015), and National Oceanic and Atmospheric Administration (2015), respectively. precipitation records are shown in figure 4 for comparing contributions from fastflow, slowflow, and drainflow. In these examples, the hydrograph was separated into baseflow and non-baseflow components (surrogates for slowflow and fastflow) by the method of Eckhardt (2005) using the approximation of Collischonn and Fan (2013) 4A) ) has substantial baseflow throughout the year with increased streamflow within a day of rainfall. This stream had a mean daily baseflow index (BFI) of 0.69 (±0.18), with about 45 percent of total annual streamflow from baseflow. The median transit time for water in the shallow aquifer draining to Chesterville Branch is about 28 years (Sanford and Pope, 2013) . In this slowflow watershed, fastflow processes contribute to the stream, as indicated by peaks in streamflow after rainfall. The water represented by this hydrograph is a combination of recent rainwater and older groundwater being discharged into the stream. Figure 5A shows the portions of the watershed estimated to contribute slowflow to the stream as a function of time (see appendix 2 for method details).
The area: 166 km 2 ( fig. 4B) ) is a fastflow-dominated urban stream not well-connected to shallow groundwater. The stream has a mean daily BFI of 0.62 (±0.26). Only about 33 percent of total annual streamflow is from baseflow. Much of the water moving through the stream comes from fast flowpaths that are largely overland flow. Because this is an urban stream, engineered flowpaths to the stream could also have slower transit times and appear in the hydrograph as baseflow from groundwater. Streamflow always returned to a stable background level within a 2-to 3-day period after peak streamflow. Figure 5B shows the portions of the watershed estimated to contribute to streamflow, as a function of time, after a rain event. The hydrologic transit times of peak fastflow ranges from 0 to 12 hours. Not all areas of the watershed contribute water to the stream after a rain event. Some areas of the watershed are too distant from the stream for rainwater to move to the stream. This water is lost to infiltration or evapotranspiration before reaching the stream ( fig. 5B) .
A. Chesterville Branch, Maryland, with a slowflow characteristic flowpath.
B. Indian Creek, Kansas, with a fastflow characteristic flowpath.
C. Leary-Weber Ditch, Indiana, with a drainflow characteristic flowpath.
All three streams have some component of fastflow. See appendix 2 for the details of how the conceptual framework was used to develop the estimates of hydrologic transit times.
The third example is a small stream in Indiana whose watershed has an extensive subsurface drainage network (Leary-Weber Ditch, USGS Station 06893390, median streamflow 0.018 m 3 /sec (2013), watershed area: 7.2 km 2 , ( fig. 4C) ). The stream is not well-connected to shallow groundwater and berms are present along much of its length, so opportunities for overland flow to the stream are limited. Streamflow appearing as baseflow in the hydrograph is not from groundwater but rather from slow drainflow through a subsurface network of drains. On the basis of the hydrograph separation method, Leary-Weber Ditch has a mean daily BFI of 0.62 (±0.26), but only about 17 percent of total annual streamflow is quantified as baseflow. In response to rainfall, streamflow increases because of fastflow moving through the subsurface drain network from areas on the landscape near the subsurface drains ( fig. 5C ), plus a small amount of overland flow. Many hydrograph peaks have a recession tail that lasts from 3 to 5 days after peak streamflow, suggesting a component of slower flow from areas in the landscape farther from a subsurface drain. In some instances, hydrologic transit times extend to weeks. Figure 5C shows the portions of the watershed estimated to contribute to streamflow, as a function of time, after rainfall.
Chemical Behavior
More than 7,000 chemicals are associated with plant and animal agriculture (Velkoverh and others, 2016) . Each chemical behaves uniquely in the environment, but all are subject to common physical, chemical, and biological processes. Sorptive processes determine the extent to which a chemical is associated with sediment and water. Transport processes move chemicals and sediment from one location to another; for example, from the soil surface, through the layers of soil to a subsurface drain, into an agricultural ditch, then to a major river, and, ultimately, to the ocean. Finally, chemical reactions transform the structure of the original chemical to produce new chemicals (transformation products). These processes, taken together, can be used to understand and identify the environmental behavior and transport of a chemical.
Chemical Sorptivity and Transport
Chemical sorptivity describes the extent to which a chemical is associated with sediment. The hydrologic conditions that allow a chemical to be transported are strongly correlated to the extent of association with sediment. The removal of a chemical, by settling and filtration processes in soil and vegetation, is strongly correlated to its extent of association with sediment.
Although sediment-both eroded soil and suspended sediment-is not a chemical as such, it is herein treated as a chemical. On the sorption continuum, sediment particles are the end-member of sediment-associated constituents. The actual sediment and chemicals associated with sediment are mobilized by the same hydrologic forces.
The extent to which a chemical is associated with water or sediment is determined by the chemical's characteristics along with the characteristics and relative volumes of water and sediment. For any specific chemical, its sorptive behavior is similar and predictable in similar hydrologic environments. All chemicals fall along a continuum between 100 percent associated with water and 100 percent associated with sediment. Some chemicals fall near one end of the continuum (table 2), but many chemicals have a substantial fraction in both the water-associated and sediment-associated phases and fall all along the continuum. For this discussion, the movement of chemicals into the air is ignored.
The linear continuum of sorptivity, combined with the linear hydrologic continuum defined by slowflow and fastflow end-members of water flowpaths to the stream, yields a conceptual space in the shape of a rectangle ( fig. 2C) . In cases where a watershed contains subsurface drainage, the continuum of sorptivity can be combined with the space defined by slowflow, fastflow, and drainflow end-members, yielding a conceptual space shaped like a triangular prism ( fig. 2D) . Any chemical or sediment in any stream can be located within these conceptual spaces. All water travels to the stream by a combination of slowflow, fastflow, and (or) drainflow processes. All chemicals are distributed within the end-members of the sorptivity continuum. Within this conceptual space, chemicals with the same distribution between water and sediment ( fig. 2D , gray, offset triangle) can be located within the hydrologic space of any stream ( fig. 2D , small blue square). Chemicals proximate to each other within this space (meaning they possess similar chemical sorptivity and a similar hydrologic setting) would be expected to behave similarly. The combined expectations, based on the sorptivity of chemicals and the transit times of water moving through various flowpaths, allow for behavioral generalizations among chemicals and hydrologic settings.
Chemical Transformation
Chemical reactions result in the loss of the original chemical and the production of one or more new chemicals. Chemical transformations are induced by external forces (energy from the environment) acting on the chemical, including biological (plants, animals, or microorganisms), chemical (reactions with other chemicals), and physical (sunlight and heat) factors. For carbon-based (organic) chemicals, transformation occurs as a one-way path from the original chemical to its transformation products. For chemicals with other core elements, such as nitrogen, phosphorus, boron, and arsenic, the original chemical form is changed in a reaction, but the elements are preserved in different chemical forms. Elements never disappear; they merely change chemical form.
The rate of loss of the original chemical is traditionally described by first-order (or pseudo first-order) kinetics and depends on a rate coefficient and the concentration of the chemical. The time it takes for one-half of a chemical's mass to be lost is called its half-life. (See table A3-2 in appendix 3 for the half-lives of selected agricultural chemicals.) A chemical's half-life is environment specific; it depends on the physical, chemical, and biological conditions of the environment. Regardless of chemical type, after seven halflives, >99 percent of the original chemical has been lost. When considered in the same way as chemicals, particles of sediment have extremely long half-lives, such that their environmental half-life should be regarded as infinite.
Specific chemicals have a narrow and predictable range of half-lives in a given environmental compartment (such as soil, groundwater, and similar types; Mackay and others, 2006) . The half-life of a chemical is important for setting expectations of water-quality improvements resulting from changes in agricultural activities that alter the hydrologic transit times in fields and watersheds. For example ( fig. 6) , if a chemical has a half-life of 10 days, it would not be a water-quality concern in slowflow settings with a hydrologic transit time of >70 days, since >99 percent would be lost in 70 days. However, the half-life could be a concern in fastflow environments with shorter hydrologic transit times. 1 p e r c e n t lo s s 1 0 p e r c e n t lo s s 5 0 p e r c e n t lo s s 9 0 p e r c e n t lo s s 9 9 p e r c e n t lo s s 
Combining Sorptivity, Transformation, and Hydrologic Transit Times
The potential exists for chemicals and their transformation products to remain in the environment and become legacy chemicals. In surface water, legacy chemicals are long-lived chemicals that bind strongly to sediment and accumulate in soil, stream-bottom sediments, and in the tissues of living organisms; they can be identified through their chemical properties and an understanding of the hydrologic system (Meals and others, 2010; Puckett and others, 2011) . The degree of sorption and environmental half-life can provide insights into which chemicals might be water-quality concerns in various hydrologic environments ( fig. 7) . These chemicals are indicated in the upper-left portion of figure 7. Sediment from eroded soil and stream banks that accumulates in stream channels and streambeds are also a legacy concern and are indicated in the extreme upper-left corner of figure 7.
Legacy chemicals in groundwater are long-lived, water-associated compounds that move with water through the groundwater system. These chemicals are located in the upper-right portion of figure 7. Nitrate can have either a long or short half-life, depending on the concentration of dissolved oxygen. In environments containing dissolved oxygen-oxic conditions-nitrate has a slow rate of reaction. Therefore, nitrate persists as a legacy chemical.
Field and Model Observations of Chemicals and Sediment in Relation to Agricultural Activities
Trapping and conservation tillage are agricultural management practices (table 3) designed primarily to minimize soil erosion and the loss of eroded soil from a field (Reeder and Westermann, 2006; Baker and others, 2006a ; additional references in appendix 4). These practices have the added benefit of protecting water quality from sediment and sediment-associated chemicals. Trapping and conservation tillage practices are effective because they dissipate the erosive energy of flowing runoff water by reducing its velocity, resulting in a decrease in the volume of runoff and an increase in the volume of infiltration. These effects can be seen in figure 8 , which shows the results of the Water Erosion Prediction Project (WEPP) (Flanagan and others, 1995) , through the increase in infiltration and decrease in sediment yield for a number of trapping and conservation tillage practices, compared to corn planted with conventional tillage (Roth and Capel, 2012a) . The effect of trapping and conservation tillage practices on the movement of soil is represented and quantified in deterministic models such as WEPP and the Kinematic Runoff and Erosion model (KINEROS) (Woolhiser and others, 1990) . A tremendous volume of scientific and practical literature exists on the implementation of these practices for cropped fields with a wide range of soils, crops, topography, and rainfall or irrigation conditions (U.S. Department of Agriculture, Natural Resources Conservation Service, 2014a).
Compared with sediment itself, fewer studies have been done on the effectiveness of trapping and conservation tillage practices on sediment-associated chemicals (table 2) . In a review of the literature, Arora and others (2010) estimated that about 70 percent of sediment-associated pesticides were retained within a vegetative buffer strip. Based on observations in the western portion of the Midwest Corn Belt, Wortmann (2011) suggested that about 50 percent of total phosphorus is removed by a vegetative buffer strip, and about 30 percent can be removed both by contour farming (without terraces) and by the use of terraces. Trapping and conservation tillage practices can be effective at removing, to some extent, sediment-associated chemicals and protecting and improving the water quality of a stream.
Trapping and conservation tillage practices are not as effective for water-associated chemicals, nor should they be expected to be. Many of the trapping and conservation tillage practices are designed to slow flowing water and allow sediment particles to settle, but these practices do not stop the water from reaching the stream. Water-associated chemicals do not settle; they stay in solution as the water moves across or through the landscape where the practices are implemented. Some fraction of the water-associated chemicals are retained within treated areas due to infiltration, uptake by the vegetation, and other processes (Wortmann, 2013b) . Wortmann (2011) suggested that about 25 percent of soluble phosphorus and 35 percent of total nitrogen can be removed by a vegetative buffer strip, whereas soluble phosphorus and total nitrogen can be reduced about 20 percent by contour farming (without terraces) and 10 percent by terraces with tile outlets. However, trapping and conservation tillage practices increase infiltration ( fig. 8 ) and can enhance the movement of water-associated chemicals (table 2) through the soil layers to subsurface drains and groundwater. These water-associated chemicals are frequently observed in groundwater and subsurface drain discharge beneath agricultural land (Gilliom and others, 2006; Blann and others, 2009; Dubrovsky, and others, 2010; Zebarth and others, 2015a) . Trapping and tillage practices have essentially no effect on water-associated chemicals moving via drainflow and slowflow. Once the water-associated chemicals are in the subsurface, they are no longer influenced by activities at the surface and only natural transformation processes can decrease their concentrations until they are eventually discharged to a stream. Many other agricultural activities can also affect the quality of water in a stream.
Low-volume, low-intensity irrigation (as with a drip, lowflow sprinkler) can cause less erosion than other types of irrigation, decrease the runoff of sediment and chemicals to streams, and decrease the infiltration of water-associated chemicals into the subsurface (Eisenhauer and others, 2006) . As an example, the change from flood irrigation to drip irrigation in central Washington substantially decreased stream loads of suspended sediment and total phosphorus (Fuhrer and others, 2004) .
Subsurface drains provide a conduit for water-associated chemicals to move to the stream quickly. Blann and others (2009) have concluded that subsurface drains are important to the movement of nitrogen and herbicides to streams. Streams in watersheds with substantial subsurface drainage (>5 percent of area) usually have higher stream-nitrate concentrations and higher nitrate loads as a percent of use than streams in agricultural watersheds with little or no drainage (Dubrovsky and others, 2010) . Roth (2010) showed that surface inlets into subsurface drains, which drain temporary ponds in cropped fields, provide a direct pathway for both water-and sediment-associated chemicals and sediment to reach streams (see appendix 5).
Controlled drainage (Lowrance and others, 2006) and biofilters (Schipper, 2010; Andrus and others, 2014 ) are used to protect and improve water quality. Controlled drainage retains water in the subsurface for a set period before releasing it from the drain to allow more time for chemical transformation, such as denitrification, to occur. Biofilterszones of wood chips or other carbon sources inserted into subsurface drains-provide a highly reactive environment for transforming nitrogen and capturing phosphorus from drain water.
Constructed wetlands mimic, and compensate for the loss of, natural wetlands (Lowrance and others, 2006) . Constructed wetlands intercept and remove sediment and chemicals from runoff and drainage water before the water reaches a stream. These wetlands also provide flood control by reducing the velocity of water and storing it on the landscape.
The most effective way to protect water quality from agricultural chemicals is to reduce or eliminate the use of the chemicals. The less chemical applied, the less chemical there is to move into the stream. This pattern has been demonstrated with nitrogen and various water-associated herbicides; after their use was substantially decreased or discontinued, their concentrations in the stream quickly decreased (as demonstrated with cyanazine and alachlor; Sullivan and others, 2009; Kalkhoff and others, 2012) . In many cases, the discontinued chemicals were no longer observed in streams. On the other hand, new water-associated chemicals can be observed in streams soon after introduction. For example, the herbicide acetochlor was present in streams within the first year of use (Capel and others, 1995) . Sediment-associated chemicals behave differently; they do not always show a direct and immediate correlation between a change in use and an in-stream concentration. Sharpley and others (2013) have shown this outcome for phosphorus in many diverse agricultural settings. Nowell and others (1999) revealed that after dichlorodiphenyltrichloroethane (DDT) and other organochlorine insecticides were restricted for agricultural use, the concentration initially decreased in the stream (as evidenced by the concentration in fish), but then reached a concentration plateau because the chemicals were continuously supplied to the stream from their storage in bed sediments and soils.
Land being removed from production and set aside for conservation is another effective agricultural activity for improving water quality. This activity is especially effective in areas of the landscape that disproportionately contribute chemicals and sediment to the stream. Examples include areas adjacent to water bodies that are susceptible to erosion and topographic depressions that are drained with vertical inlets (Roth and Capel, 2012b) . Removing cropland from production, through programs such as the Department of Agriculture's Conservation Reserve Program (CRP) (U.S. Department of Agriculture, Natural Resources Conservation Service, 2014b), reduces or eliminates the use of agricultural chemicals. Streams that drain watersheds with a substantial area in the CRP have decreased concentrations of nitrogen and phosphorus and improved ecological health (Christensen and others, 2009) . These streams show a decrease in suspended sediment caused by the continuous vegetative ground cover and development of a stable root network.
Choice of Agricultural Activities in the Context of Hydrologic Setting and Chemical Behavior
The U.S. Department of Agriculture, Natural Resources Conservation Service's Field Office Technical Guide (NRCS FOTG) categorizes the effectiveness of various conservation practices for a large number of settings and different types of chemicals as an aid to producers in each State (U.S. Department of Agriculture, 2015b). The NRCS FOTG identifies 11 effectiveness categories spanning the range of "significant increase in the problem" to "significant decrease in the problem." The U.S. Environmental Protection Agency (2003) has applied the information provided in the NRCS FOTG to the expected beneficial or detrimental effects on the quality of groundwater and surface water for many conservation practices for categories of chemicals (pesticides, nutrients, sediment, pathogens, and other constituents).
Understanding the connections between agricultural activities, water flowpaths, and the behavior of specific chemicals and sediment can be combined into a framework to guide policy and management decisions that reduce current, and prevent new, water-quality effects. This framework is built on a generalization of stream hydrology-water, whether from natural rainfall or irrigation, moves to a stream by a combination of slowflow, fastflow, and drainflow; where each flowpath is associated with a range of timescales. The framework generalizes the behavior of chemicals and sediment; all chemicals and sediment are distributed on a continuum between those completely associated with water and those completely associated with sediment. Additionally, individual chemicals are transformed in the environment with a known, expected rate of loss. Finally, each agricultural activity is assumed to have an expected effect on the movement of water and chemicals across the landscape. This framework is an oversimplification of a complex system, but it is useful for decision making and supported by observations in the field and quantified in models.
On the basis of this framework, two decision trees are suggested. These organizing tools allow users to anticipate better the effectiveness of changes in agricultural activities as a way to protect and improve the water quality of streams. These tools are not intended to be used on a site-specific basis. Detailed knowledge of the local environment, climate, and agricultural production is required for design decisions when implementing an agricultural activity at a particular location.
Agricultural Activity Decision Tree as an Organizing Tool
A decision tree with three basic questions can be used to determine the agricultural activities that could effectively protect and improve water quality in a stream affected by the movement of a specific chemical (or sediment) and also determine which activities could be counterproductive ( fig. 9) . The first question centers on the environmental behavior of the chemical of concern: Is the chemical primarily associated with sediment? The second question addresses the presence of permanent or semipermanent agricultural modifications to the landscape already in place: Is the water in question moving through subsurface drainage? The final question regards the nature of the hydrologic setting: Is the water in question moving through groundwater? The answers to these three questions can guide the selection of, and expectations for, the effectiveness of implementing a particular agricultural activity.
The decision tree in figure 9 organizes the decisionmaking process by hydrologic setting and chemical behavior, principally at the field and small catchment scales. In appendix 5, the agricultural activity decision tree is extended to include vertical inlets to subsurface drainage as a separate flowpath for water and chemicals (table 1).The decision tree in figure 9 considers water movement through all three endmember flowpaths (fastflow, slowflow, and drainflow) for nonreactive chemicals and sediment. The horizontal lines on the tree, between "yes" and "no," represent three continua. Starting at the top of the figure, these lines show the degree of association of the chemical with sediment (from 100 percent water-associated to 100 percent sediment-associated), the contribution of subsurface drains to total streamflow-which could be approximated by the density of subsurface drains, from 0 to a closely spaced, patterned drain network-and the contribution of groundwater to total streamflow (from 0 to 100 percent). The decision tree traces the two extremes for the continuum of sediment association by chemicals. Chemicals intermediate to these two extremes-chemicals with a substantial fraction in both water and sediment-associated phases-could follow multiple routes through the decision tree. Thus, it can be harder to establish expectations for the effectiveness of agricultural activities with these chemicals.
The degree of reactivity does not affect the use of the decision tree ( fig. 9) , except with reactive chemicals, which can disappear from the environment as they are transported via moving water when the hydrologic transit time is greater than the environmental half-life of the chemical (fig. 6 ). Not usually a water quality concern* Figure 9 . A simple decision tree for determining which agricultural activities can protect and improve water quality in a local stream from the movement of a given chemical (or sediment) and which agricultural activities could be counterproductive. The groups of agricultural activities are listed in table 3. The asterisk (*) denotes chemicals that do not often cause a water-quality concern from the portion of the water moving through subsurface flowpaths (such as moving through soil to groundwater or subsurface drains), but these chemicals can cause concern in the portion of water moving through surface flowpaths.
For example, a chemical with a relatively short environmental half-life, such as nitrate in a reduced hydrologic environment (with no or low dissolved oxygen; fig. 7 ), is lost during its transport through the subsurface, which commonly has transit times on the order of months to decades. Conversely, a chemical with a long environmental half-life relative to the hydrologic transit time, such as the nitrate in an oxidizing hydrologic environment (with substantial dissolved oxygen present), does not appreciably change concentration during its transport through the subsurface, and oftentimes persists in the groundwater discharging into streams (Sanford and Pope, 2013 ). An example application of the agricultural activity decision tree for a water-associated chemical in a stream where slowflow is an important component of streamflow follows. In figure 10 , the thick, black line follows the behavior of a chemical strongly associated with water (for example, nitrate) in a hydrologic setting where there is minimal subsurface drainage, and groundwater is an important water flowpath to the stream (for example, Chesterville Branch, Maryland, fig. 4A ). This area contains sandy soils and a shallow groundwater table. After decades of intensive crop and animal agriculture, much of the oxic groundwater in the area around the Chesterville Branch was contaminated with nitrate. The nitrate concentration in the stream is highest during the lowest streamflows.
On an annual basis, about half of the total streamflow is from groundwater. Following these decades of intensive agriculture in the Chesterville Branch watershed, a fraction of the applied nitrogen leached, as nitrate, through the sandy soils and into the groundwater (Sanford and Pope, 2013) . In the recent past, and most likely long into the future, the groundwater discharging into the stream contributed high concentrations of nitrate. The median transit time for water in the shallow aquifer draining into the Chesterville Branch is about 28 years (Sanford and Pope, 2013) .
Currently, there are no large-scale remediation strategies for nitrate removal in contaminated aquifers, although changes in agricultural activities on the landscape could be beneficial to the future water quality of the stream. Useful strategies could include decreasing the application of nitrogen to the landscape and decreasing the volume of recharging water that could be affected by reducing irrigation. Nitrogen inputs could be decreased by reducing the application rate and (or) removing farmland from production. Most trapping and tillage practices designed to reduce soil erosion can be counterproductive to nitrogen removal because they increase recharge and can increase the movement of nitrate into groundwater. Cover crops could effectively store nitrogen in the plants and soil, thereby delaying leaching, but the stored nitrogen has the potential to eventually leach into groundwater. One long-term advantage of cover crops is that they can store nitrogen in the soil until it is transformed in gaseous molecular nitrogen (denitrification), which can then move into the atmosphere and leave the watershed. In slowflow areas, such as the Chesterville Branch watershed, it can take years for a chemical like nitrate to move from the land into the groundwater and ultimately into the stream. Groundwater nitrate currently in this stream represents nitrates applied decades ago. Thus, the benefits of contemporary conservation actions may not be realized in this stream for several decades.
An example application of the agricultural activity decision tree for sediment in a stream where fastflow results from excess irrigation is given in figure 11 . The thick, black line follows the behavior of sediment in a hydrologic setting where fast flowpaths are an important component of total streamflow, at least for part of the year. As an example, fastflow to Granger Drain in central Washington occurs when excess irrigation water is present on the landscape (Kronholm and Capel, 2014) . Irrigation water is relatively abundant as snowmelt from the Cascade Mountains. Excess irrigation runoff transports large amounts of sediment, along with agricultural chemicals associated with sediment (for example, total phosphorus and DDT; Fuhrer and others, 2004) . Sediment (as eroded soil) is transported across the land surface to the stream and does not move into the subsurface.
Since the early days of farming, the streams and rivers of central Washington have been affected by sediment in irrigation runoff. Much of the sediment came from fields receiving furrow irrigation, which is an inefficient method of irrigation that can cause heavy soil erosion. In the late 1990s, irrigation practices moved rapidly away from furrow irrigation to sprinkler and drip methods, due in part to the availability of low-interest loans to farmers. This widespread change in agricultural activities resulted in dramatic improvements in water quality: sediment loads were reduced by more than 90 percent in some locations. The reduction of irrigation water, combined with more efficient irrigation methods, were effective choices for controlling sediment in runoff. More recently, other sediment control methods, such as the use of polyacrylamide (PAM) and even more efficient methods of irrigation, have been used (Fuhrer and others, 2004) . In fastflow environments, as with the excess irrigation water in Granger Drain, the benefits of conservation actions, specifically improvement in stream water quality, can occur quickly. In this stream, turbidity and suspended sediment, total phosphorus, and DDT concentrations decreased substantially within several years of the changes in irrigation practices. Figure 11 . A simple decision tree for determining the agricultural activities that could protect and improve water quality with regard to sediment in streams where fast flowpaths (surface runoff) are an important component of total streamflow, at least for part of the year. The groups of agricultural activities are listed in table 3.
Chemical Fate Accounting Tree
The companion to the agricultural activity decision tree ( fig. 9 ) is a chemical-fate accounting tree ( fig. 12 ) that considers the long-term fate of a chemical or sediment removed by a trapping or conservation tillage practice (table 3) . The purpose of many of these practices is to protect and improve water quality by removing chemicals or sediment. The removed chemicals and sediment do not instantaneously disappear from the environment; they are stored until they are transformed into other chemicals or remobilized. Every individual chemical is unique regarding its reactivity and fate.
In figure 12 , three types of constituents-sediment, elements, and organic chemicals-are tracked through the chemical-fate accounting tree to illustrate the effect of a trapping or conservation tillage practice. Sediment is nonreactive and simply trapped and stored within the trapping or conservation tillage practice area. The sediment could remain within the practice area indefinitely or be remobilized by surface runoff from a storm or by irrigation runoff.
Elements (for example, nitrogen, phosphorus, boron, or arsenic) trapped by a given management practice can undergo arious chemical and biological processes. Although an element cannot be transformed into a different element, its chemical form can be changed; for example, the nitrogen in ammonia can be transformed into nitrate. Furthermore, the element could be changed into a chemical form that readily associates with water and then be transported to the subsurface via infiltration or to a stream via runoff. Figure 12 . A chemical fate accounting tree for eroded soil (sediment), elements, and organic chemicals sequestered from transport via moving water by a trapping practice or conservation tillage (table 3) . The soil designated with the pound sign (#) denotes the surface soil within the trapping practice or field. The asterisk (*) denotes that this branch of the tree can be repeated as many times as needed.
Nitrate is an example of a water-associated form of nitrogen transported readily by water. The element could, further still, be changed into a volatile form and move into the atmosphere (for example, as molecular nitrogen or nitrous oxide). This volatile fraction of nitrogen is thereby lost from the agricultural area. The possibility also exists for the element to be absorbed by growing plants and incorporated into the vegetation biomass. If all or part of the plant is removed or harvested, then the element is lost. If it is not removed, the plant decays and returns the element to the soil to repeat another cycle of transformations. Finally, the element can be incorporated into the soil (sediment) particles (for example, as nitrogen in soil organic matter). In this case, the element can be transported with the sediment particle, should it become remobilized. Organic chemicals transform into other compounds in either a linear or branched, noncyclic manner. Most synthetic organic compounds (for example, herbicides, insecticides, and antibiotics) eventually return to their elemental building blocks (for example, carbon, oxygen, nitrogen, chloride). The fate of an organic chemical, within the trapping or conservation-tillage agricultural management practice, is principally determined by its environmental half-life. Those chemicals with long environmental half-lives are simply stored and may eventually be remobilized. Chemicals with shorter environmental half-lives are transformed into new chemicals. Each of these new chemicals has a unique behavior and fate.
Some newly formed chemicals can have short half-lives and be quickly mineralized into their elemental building blocks. Other transformation products possess longer environmental half-lives and are stored or moved into other hydrologic compartments. Some are volatile and move into the atmosphere while some readily dissolve in water and move into the subsurface with infiltrating water or are transported with runoff to surface waters. Finally, some transformation products can become strongly associated with the sediment particles. In this case, the chemical can be transported with the particle, should it become remobilized. All of the transformation products described above could undergo further reactions and be transformed into second-generation transformation products. This process can continue until eventually all of the transformation products are reduced to their elemental building blocks. Depending on the specific chemical, the time to complete mineralization could range from fast (days or less) to slow (decades or more).
Summary
This framework provides a suite of conceptual tools to holistically address the effect of a broad range of agricultural chemicals and sediment on water quality across a variety of hydrologic settings. This framework can help effectively anticipate the effects of changes in agricultural activities on the protection or improvement of water quality in streams. Hydrologic settings are described in terms of their source of water to the stream, which is some combination of slowflow, fastflow, and drainflow. All chemicals and sediment fall on a continuum that ranges from being totally associated with water to totally associated with sediment. Chemicals with similar water-sediment affinities are transported by water movement in similar ways. Chemicals also fall along a transformation-rate continuum of environmental half-lives from short (minutes) to long (decades or more). A chemical's environmental half-life, relative to the hydrologic transit times of fields and watersheds, determines its distribution throughout the hydrologic environment. These are simplifications of the hydrologic setting and chemical behavior that can be used to improve and (or) protect water quality and as the basis for predicting the fate of a chemical removed by a trapping or conservation tillage management practice. These practices simply remove the chemical or sediment from the moving water and store it until it is remobilized or transformed. The stored sediment and chemicals are eventually remobilized and transported into the stream, affecting water quality, unless the chemicals were transformed or volatilized.
Few changes in agricultural activities can be effective for protecting water quality from all chemicals and sediment in all hydrological settings. Some changes can be effective; some can be counterproductive. In certain situations, water quality can be improved and protected by adding new, well-chosen agricultural activities or landscape modifications. In other situations, the removal of the existing landscape modifications, such as drainage, can be more effective.
The expectations for the effectiveness of an agricultural activity must consider the local hydrologic flowpaths within a specific field and the environmental behavior of the specific constituent-chemical or sediment-to be controlled. Although valuable knowledge can be gained from a generalized understanding, as in this conceptual framework, specific knowledge of the hydrology and chemistry is required for specific fields or watersheds. With specific knowledge, agricultural activities can be designed for optimal waterquality effects on a field-by-field basis.
Appendixes 1-5 Appendix 1. National Map of Important Flowpaths
The national map of important flowpaths ( fig. 3 ) was created by systematically categorizing the conterminous United States into nonagricultural land and agricultural land. The agricultural land was then categorized into four distinct classes based on calculated baseflow indexes (BFI) and the presence of four subsurface drainage classes: drainflow, fastflow, slowflow, mixed flow.
The map was created by combining three existing Geographic Information System (GIS) datasets. Agricultural land is based on the U.S. Department of Agriculture's 2009 Cropland Data Layer (CDL) (Johnson and Mueller, 2010) . The subsurface drainage portion of the map is based on the method developed by Baker and Capel (2011) using the U.S. Department of Agriculture, Natural Resources Conservation Service (2015c) State Soil Geographic (STATSGO) dataset (specifically, the soils hazard class "Water" in the Component table) combined with the 1992 Natural Resources Inventory (NRI) county-level conservation practice raster dataset (c606-subsurface drainage; Wieczorek, 2004) . The delineation between fastflow and slowflow are based on a dataset of baseflow index values (Wolock, 2003) .
The national map shows important flowpaths only on agricultural land as represented on the 2009 CDL grid. The flowpath categories were based on 1-kilometer resolution conterminous United States geospatial grids of baseflow index values (Wolock, 2003) . The flowpath categories were set initially so that fastflow grid cells were defined as those grid cells with BFI values in the 0-40 percent range, mixed flow grid cells had BFI values in the 41-49 percent range, and slowflow grid cells had BFI values greater than 50 percent. Based on the NRI (U.S. Department of Agriculture, Natural Resources Conservation Service, 2015a), grid cells that contained subsurface drainage > 0 were classified as drainflow grid cells, regardless of the associated BFI value. When surface drains (channels) were present, they were considered part of the stream network and were not included in drainflow. The surface drains were assumed to collect fastflow.
The set of decisions used in the formation of this map creates a coarse approximation of the important flowpaths for areas across the Nation. However, the flowpath for any grid cell is uncertain. In the upper Midwest (prairie pothole region), fastflow can collect in topographical depressions in the landscape (often wetlands) rather than flow directly to the stream.
Appendix 2. Maps of Hydrologic Transit Times in Small Watersheds
Maps of hydrologic transit times were developed for three small watersheds: (a) Chesterville Branch, Maryland (01493112); (b) Indian Creek, Kansas (06893390); and (c) Leary-Weber Ditch, Indiana (03361638). The estimated transit time values for Chesterville Branch and Indian Creek were developed from digital elevation model (DEM) data and the 1:100,000-scale National Hydrography Dataset (NHD). In the case of Leary-Weber Ditch, a map indicating the location of the subsurface drain network was used instead of NHD streams (Baker and others, 2006b) . The grid-cell resolution of the DEMs was 30 meters (m) for Chesterville Branch and Leary-Weber Ditch and 100 m for Indian Creek. The analysis method used was not sensitive to the resolution of the DEMs.
The transit time analysis is based on the datasets mentioned above and, most importantly, assumptions about the characteristic flowpath and velocity of water in each watershed.
In Chesterville Branch, it was assumed that groundwater discharge was the characteristic source of streamflow and its flow velocity through the subsurface was assumed to be 0.1 meter per day (m/d). In Indian Creek, overland flow was assumed to be the main source of streamflow and its flow velocity over the land surface was assumed to be 200 meters per hour (m/h). In Leary-Weber Ditch, it was assumed that flow through subsurface tile drains was the characteristic source of streamflow. Infiltrating water was assumed to move to subsurface drains as rapid horizontal flow with a velocity of 20 m/hr and then quickly move through subsurface drains with no additional travel time.
The processing steps used for each watershed were completed using the GRID module in Esri Arc 9.2 for Unix workstations:
1. Use the FILL command to remove the local sinks in the DEM and generate a flow direction grid.
2. Use the FLOWACCUMULATION command to generate a flow accumulation grid.
3. Overlay the NHD line coverage on the flow accumulation grid to estimate a threshold for stream channel initiation. This step was not done for LearyWeber.
4. Set the grid cells in the flow direction grid with associated flow accumulation values greater than the stream channel initiation threshold to NODATA. For Leary-Weber, all flow direction grid cells overlaying subsurface tile drains were set to NODATA.
5.
Use the FLOWLENGTH command with the DOWNSTREAM option to generate a grid indicating the distance from each grid cell in the watershed to a stream (or tile drain in the case of Leary-Weber).
6. Divide the distance grid by the assumed flow velocity to compute the transit time value. Pesticide removal efficiency is highly variable, Vymazal and Březinová, 2015 
